Single-walled carbon nanotubes and graphene (SWNTs/G) composite aerogel have been prepared by a hydrothermal method with aid of sodium alginate (SA) decoration and used for modification of glassy carbon electrode. The modified electrode was employed for the sensitive determination of metal ions using differential pulse anodic stripping voltammetry method. The results showed that the introduction of SA not only improved the uniformity of SWNTs/G composite, but also exhibited synergistic effect for detection of several kinds of heavy metal ion. The SA decorated SWNTs were inserted into graphene interlayers, resulting in more active sites and reactive surface area. As a result, the modified electrode exhibited attractive inter-electrode reproducibility and high sensitivity for detection of Pb 2+ , Cd 2+ and Cu 2+ ions.
Introduction
Graphene has been demonstrated as one of the most promising materials in electrochemistry as novel electrode material for various purposes, due to its unique properties such as fast electron transportation, high thermal conductivity and excellent mechanical flexibility, etc. 1-3 A number of studies have shown that graphene sheets synthesized by hydrothermal method usually retained widespread structural defects, such as vacancies and non-planar structure vacancies on the surface. 4, 5 Some oxygen-containing functional groups such as hydroxyl and epoxyl groups can be introduced on the graphene sheets. These structure defects and functional groups are favorable for many electrochemical applications. 6, 7 However, graphene sheets tend to aggregate irreversibly through the strong O-O interactions during the reduction process, thereby decreasing the specific surface area. When single-walled carbon nanotubes (SWNTs) were used as spacers to prepare the graphene/SWNTs composite, the re-stacking and agglomeration of graphene could be effectively avoided. In the meanwhile, the unique electronic properties of SWNTs may help to accelerate electron transfer reactions with the electro-active species in solution. 8 Graphene, carbon nanotubes (CNTs) and their composites based electrodes have drawn increasing attentions in the field of metal ions detection due to their unique physical and chemical properties including high surface area, strong mechanical strength and electric conductivity, et al. 9 There are some reports on the determination of heavy metal ions using carbon nanotube modified electrode 10 and graphene-modified electrode. 11 In addition, some carbon-based nano-composites containing metal ions receptors such as cysteine 12 and chitosan, 13 which can react with metal ions and produce stable complexes, have been successfully prepared and employed in the heavy metal ions analysis. Sodium alginate (SA), a natural polysaccharide product extracted from the cell wall of brown seaweed, show excellent performance for adsorption of heavy metal ions (Pb 2+ , Cd 2+ , Cu 2+ , Hg 2+ ) [14] [15] [16] and could enhance the analytical sensitivity of the as-prepared electrode. As a surface dispersant, SA has been reported to improve the dispersibility of SWNTs by adsorption and surface twine. 17 In our opinions, the decoration of carbon nanotubes and SA to graphene should create new nano-composite materials with the integrated properties of the three components, which offers new opportunities for the development of sensors with improved performance. In the meanwhile, when SA was exploited as the surface dispersant, the electrochemical stability of electrode materials can be improved. 17, 18 In the present work, a new nanocomposite of single-walled carbon nanotubes and graphene (SWNTs/G) was prepared by a hydrothermal method with aid of SA. A hypothesis was proposed that SWNTs would be wrapped by the SA chains and worked as spacers between different layers of graphene nanosheets (Fig. 1 ). The polar functionalities on SA may interact with the oxygen-containing groups on graphene via hydrogen bonding to enhance the stability of the as-prepared composite structure.
Experimental

Apparatus and Reagents
Graphene oxide (GO) was synthesized from natural graphite flakes by a modified Hummers-Offeman method. 19 The purity of graphite is 99%, and the average size is about 20 µm. Graphite, sodium alginate (SA) and urea were from Nacalai Tesque, Japan. SWNTs with a diameter of 0.8-1.2 nm and length of 100-1000 nm were purchased from Super Purified HiPco SWNTs, Nanointegris. In the experimental section, all chemicals used were of analytical grade and all solutions were prepared with deionized water with the resistivity not less than 18.2 M³ (Milli Q, Yamato WR700) and
were degassed with nitrogen for 20 min prior to electrochemical measurements.
Characterization
Morphology and structure of the material were characterized using scanning electron microscopy (SEM, JEOL JSM-7001F). X-ray photoelectron spectroscopy (XPS) measurements were made with a PHI Quantera SXM (ULTRAVAC-PHI). The Raman spectra were obtained with a RAMAN-11 (Nanophoton) with a 532 nm laser source. The specific surface area were measured with Autosorb-1 (Quantachrome Instruments).
Preparation of the composite
The suspension of GO at concentration of 1 mg/mL in water and SWNTs at concentration of 1 mg/mL in 0.5 wt% SA water solution were mixed together, followed by addition of 5 mg urea. The resulting mixture was sealed in a 200 mL Teflon-lined autoclave for 4 h at 180°C to obtain the SA decorated SWNTs and graphene composite aerogel (SA/SWNTs/G) and then freezing dried for 48 h. For comparison studies, hydrothermally reduced GO without adding SWNTs was also prepared using the same process.
Electrochemical measurements
Electrochemical measurements were performed using an EC-Lab VSP-300 potentiostat (Biologic). Bare or modified glassy carbon electrode (GCE) of 3 mm in diameter was used as the working electrode, platinum wire as the counter electrode, and saturated calomel electrode (SCE) as the reference electrode. GCE was polished with alumina slurry (0.05 and 0.3 µm) on a polishing cloth, then cleaned in a water bath with sonication for 30 s and finally rinsed with water. For activation, the bare GCE was scanned for 20 cycles in 0.5 M H 2 SO 4 with potential range from ¹1.0-0 V at scan rate of 100 mV/s. The clean electrode was dried under an infrared lamp. 10 mg of SWNTs, graphene and SA/SWNTs/G composite were dispersed in 10 mL SA water solution (with concentration of 0 to 1 wt%) with the aid of ultrasonic agitation for 30 min to afford a suspension with concentration of 1 mg/mL. The SA decorated SWNTs modified electrode (SA/SWNTs-GCE), SA decorated hydrothermal graphene modified electrode (SA/G-GCE), and SA/SWNTs/G modified electrode (SA/SWNTs/G-GCE) were prepared by dropping 4 µL of the solution with a fine pipette on the GCE and then dried under an infrared lamp. During the electrochemical analysis using differential pulse anodic stripping voltammetry (DPASV), the pH of Pb 2+ in acetate buffer solution was maintained at 4.6 all the time. The deposition was performed in 1 © 10 ¹6 mol/L Pb 2+ , Cd 2+ and Cu 2+ solutions at a potential of ¹1.20 V for 5 minutes, an optimal depositing time was determined by the pre-experiment. 20, 21 Following the pre-concentration step, the solutions were quiet for 30 s, then the differential pulse voltammograms (DPV) were recorded during the potential sweep from ¹1.20 V to 0 V (with a step increment of 5 mV, amplitude of 80 mV, and pulse period of 0.2 s). The electrode was rinsed in clean acetate buffer solution by holding the potential at +0.3 V for 1 minute while stirring, followed by potential scanning from +0.3 V to 0 V for complete removal of the previous deposits.
Results and Discussion
3.1 Characterizations of the SA/SWNTs/G composite 3.1.1 Morphology of SA/SWNTs/G composite Figure 2 shows the morphologies of (a) SWNTs dispersed in 0.5 wt% SA (SA/SWNTs), (b) hydrothermally reduced graphene oxide previously dispersed in water (G) and (c) in 0.5 wt% SA (SA/G), (d) SA/SWNTs/G composite. As shown in Fig. 2(a) , the SWNTs could be dispersed well in the SA solution (0.5 wt%). Figures 2(b) and 2(c) show the structure of the hydrothermally reduced graphene before and after being modified with SA (C SA = 0.5 wt%). It could be observed that the surface morphology of graphene become rough, which may because of the uniform adhesion of SA on the surface of graphene due to the formation of hydrogen bonds between SA and oxide groups on graphene 22 or an anion-O type of interaction in between SA and graphene. 23 As can be seen in Fig. 2(d) , the SA/SWNTs/G composite has a well-defined and interconnected three-dimensional porous network, indicating that the SWNTs were inserted into the interlayer space of graphene and the accumulation or re-stacking of graphene layers could be effectively prevented. Subsequently, intra-pores would be created to increase the specific surface area and the analytic molecules would become more accessible to the electrode surface.
Brunauer-Emmett-Teller (BET) specific surface areas
By Nitrogen-adsorption and -desorption isotherms shown in Fig. 3 , the multipoint BET specific surface areas for hydrothermally reduced graphene oxide dispersed in water (a, G), in 0.5 wt% SA (b, SA/G) without SWNTs, and in SA decorated SWNTs solution (c, SA/SWNTs/G) were obtained as 558 m 2 /g, 510 m 2 /g, and 702 m 2 /g, respectively. It should be noted that, the BET specific surface area of the SA/SWNTs/G composite is much larger than that of G and SA/G. This indicates that SA decorated SWNTs acted indeed as spacers between the graphene layers, thereby preventing their agglomeration and restacking, as revealed in Fig. 1 .
XPS characterization
XPS was applied to determine the elemental composition as well as chemical and electronic states of elements on the surface of the Electrochemistry, 83(2), 84-90 (2015) material. The surface chemistry of modified electrodes is known to affect the electrochemical processes. 24 Figure 4(a) shows the wide spectra for GO and SA/SWNTs/G composite. According to the C1s and O1s signal intensities, the C:O atomic ratios were calculated to be 3:2 for GO and 14.7:1 for the composite. The results clearly revealed that GO was effectively reduced in the hydrothermal process.
The high resolution XPS spectra for C1s and O1s are shown in Figs. 4(b) and 4(c). The fitting curves of the C1s and O1s spectra were performed using the Gaussian-Lorentzian Function after performing a background correction. The XPS spectra displayed several types of functional groups on the surface of the composited structure. The C1s spectrum of the composite can be deconvoluted into three peaks at 284.6, 287.0 and 291.0 eV, respectively. The peak at 284.6 eV corresponds to the sp 2 hybridized graphitic carbon [ Fig. 4(b) ]. 25, 26 In an adjacent region of higher binding energy, the chemical shifts around 291.0 eV were likely to be due to the O-O* shaking up. In addition, GO prepared by the Hummer method usually comes with some epoxide groups (like C-O-C). Those epoxide groups would have a C1s binding energy similar to C-O and C-OH, which also triggered the chemical shifts in the nearby regions of lower binding energy to 287.0 eV. 26, 27 The O1s spectra in Fig. 4 (c) have a main peak at 531.1 eV, which was accompanied with another peak at 532.7 eV. The O1s photoelectron kinetic energies are lower than those of the C1s and the O1s sampling depth was smaller, therefore the O1s spectra were slightly more surface specific. 27 The O1s peak at 531.1 eV should be assigned to the vibration of oxygen-containing groups on the surface of graphene, meanwhile the peak at 532.7 eV indicating the existence of H 2 O and the -OH functional groups.
During the process of GO being restored to graphene by the hydrothermal method, CO(NH 2 ) 2 has been used as the reducing agent. CO(NH 2 ) 2 is alkaline, which means CO(NH 2 ) 2 may initiate reactions with some functional groups on the surface of graphene, such like carboxyl. 7 The mechanism of reduction of CO(NH 2 ) 2 on the surface of graphene is likely to be similar to Wolff-Kishner Reduction: aldehydes or ketones under basic conditions could have reactions with CO(NH 2 ) 2 , and then the carbonyl groups would be reduced to methylene. 28 The nitrogen has not been removed by hydrolysis or any other methods, so there was still a small portion remaining on the surface of graphene. That is one of the reasons why the chemical shifts of N1s around 400.0 eV were displayed in the XPS wide spectra of G/SWNT composite, which may be caused by -CN, -NH 4 + , -NO, NH 3 or -N=N-. Furthermore, the deviation of XPS during the detection should also be considered.
Raman characterization
The Raman spectrum of SA/SWNTs/G composite is shown in Fig. 5 . The four peaks corresponding to D, G, 2D, S3 (from left to right) can be clearly observed. Three of them (D, G, 2D) are likely from the vibration and formant on graphene. Specifically, the G peak at 1595.6 cm ¹1 should be resulted from the vibration of graphene carbon atoms, which is also sensitive to stress. 29 The D peak at 1337.6 cm ¹1 comes from the disordered vibration due to the lattice movement away from the center of the Brillouin zone, which indicates the existence of both the structural and crystal defects on graphene surface. The I (D) /I (G) intensity ratio of SA/SWNTs/G suggests a possible decrease in the average size of the sp 2 domains. 30 The 2D peak (also known as GB peak) at 2688.7 cm ¹1 is the twophonon Raman formant, which shows the existence of pile structure of graphene. 29, 31 The combination of the D and G peaks gives rise to an S3 peak at 2921.2 cm ¹1 as a consequence of lattice disorders. 32 Thus, the SEM, XPS and Raman results have revealed the most probable structure of the SA/SWNTs/G composite. SWNTs should be wrapped by the SA chains, and work as the support structure between different layers of graphene nanosheets (Fig. 1) . The polar groups of SA may interact with the oxygen-containing groups on graphene via hydrogen bonding to enhance the stability of the asprepared composite structure.
Electrochemical conditions for detection of Pb 2© 3.2.1 Effect of SA on SWNTs
SA can be an effective dispersant for the preparation of SWNTs suspension. 17 As observed by SEM (Fig. 2) , the degree of dispersion was obviously increased upon the addition of SA. On the other hand, based on the difference between the peak and background of the stripping current by DPV, the sensitivity of electrode material was improved after being modified with SA in an appropriate concentration (Fig. 6) .
The structure of the as-prepared SA/SWNTs composite should be very stable since SA tends to spontaneously wind around the SWNTs, resulting in a compact helical conformation driven by van der Waals force and hydrogen bonding interactions. 17 As shown in Fig. 6 , SA not only influenced the peak position and intensity, but also affected the background current of DPV graph. The addition of SA could unclose the SWNTs bundles, accelerating the dissolution of Pb metal; thereby influence the stripping potential peak.
However, too much SA could impact the conductivity of the SA/SWNTs modified electrodes. It can be seen that the optimal concentration of SA for modifying SWNTs-GCE to afford the maximum peak intensity was 0.5 wt%.
Effect of SA on graphene
As shown in the DPV of G-GCE (Fig. 7) , there is a strong background current with the blank sample. After compositing with SA, the shape of the curve has changed greatly, that is the peak was narrowed and the background current was reduced and stabilized. SA may help to stabilize the electrode surface, and correspondingly inhibit some electrochemical reactions. As a result, the blank current of graphene electrode was reduced and the signal-noise-ratio (SNR) was increased.
Influence of deposition time
The effect of the deposition time on the peak current of 1 © 10 ¹6 mol/L Pb 2+ , Cu 2+ and Cd 2+ on the SA/SWNTs/G composite modified electrode had been tested in the range from 1 to 18 min. Figure 8 shows that the response of the stripping peak current of Pb 2+ enhanced from 1 min up to 5 min. This is because that more metal ion was accumulated on the surface of the SA/ SWNTs/G-GCE with increasing deposition time. However, when the deposition time is beyond 5 min, the increasing of the stripping peak current slowed down. Thus, a deposition time of 5 min was chosen for all experiments in order to ensure the complete reduction of lead and other metal ions on SA/SWNTs/G-GCE. The effect of the deposition time on the peak current of Cd 2+ and Cu 2+ were also shown in Fig. 8 .
Electrochemical performance of SA/SWNTs/G composite modified electrode
To evaluate the electrochemical performance of SA/SWNTs/G composite for detection of metal ion, DPASV method was used with DPV scanning range from ¹1.2 V to 0 V in the solution of 1 © 10 ¹6 mol/L Pb 2+ (pH = 4.6) at a depositing potential of ¹1.2 V for 5 min (With a step increment of 5 mV, amplitude of 80 mV, and pulse period of 0.2 s). The DPVs of bare GCE, SA modified GCE (SA-GCE, C SA = 0.5 wt%), SWNTs modified GCE (SWNTs-GCE), hydrothermal reduced graphene oxide modified GCE (G-GCE) and SA/SWNTs/G-GCE (C SA = 0.5 wt%) are shown in Fig. 9 .
As can be seen, the modification of SA and SWNTs led to an increasing stripping peak [Figs. 9(b) and 9(c)]. The reason for the increase of SWNTs-GCE is the nanoscale dimensions of the SWNTs bundle structure and the electronic structure. For SA, it is due to the chelation with metal ions. Obviously, the highest stripping peak current for Pb 2+ were obtained on the SA/SWNTs/G-GCE [ Fig. 9(d) ], which means that the concentration of Pb metal at SA/SWNTs/G-GCE was higher than that at SWNTs-GCE, SA-GCE and G-GCE. It can be explained that the effective insertion of SWNT spacers in the graphene/SWNTs composite reduced restacking of graphene sheets and also produced additional intra-pores, resulting larger surface area and more porosity in the structure (As obtained in BET results). In addition, as a result, more functional groups, such as carboxylic and hydroxyl groups and graphene surface area were also exposed to the absorption of metal ions. 33, 34 The DPV curves were recorded at SA/SWNTs/G composite modified electrode in acetate buffer (pH = 4.6) containing 1 © 10 ¹6 mol/L for Cd 2+ , Pb 2+ and Cu 2+ respectively. As shown in Fig. 10 , compared to GCE, SWNTs-GCE and G-GCE, SA/SWNTs/G-GCE gave the highest and completely separated peaks for three heavy metal ions, which indicated that this composite modified electrode can also be used for simultaneous detection of multi-metal ions.
Under the optimum experimental conditions selected, the SA/ SWNTs/G-GCE was applied for the determination of Pb 2+ , Cd 2+ and Cu 2+ by DPASV. The stripping peak current increased with increasing concentrations of Pb 2+ , Cd 2+ and Cu 2+ as shown in Fig. 11 . The linear ranges were found to be 1 © 10 ¹9 to 1 © 10 ¹5 mol/L, 1 © 10 ¹7 to 8 © 10 ¹6 mol/L and 2 © 10 ¹7 to 2 © 10 ¹6 mol/L for Pb 2+ , Cd 2+ and Cu 2+ , respectively. The calibration curves and correlation coefficients were y = 1.7721 + 8.75331 © 10 6 x, R = 0.9960, y = 0.1154 + 1.7223 © 10 6 x, R = 0.9988 and y = ¹0.7007 + 4.7506 © 10 6 x, R = 0.9928 for Pb 2+ , Cd 2+ and Cu 2+ , respectively (x: concentration/mol/L, y: peak current/µA). The limits of detection were 2.0 © 10 ¹11 mol/L for Pb 2+ , 7.5 © 10 ¹10 mol/L for Cd 2+ and 6.2 © 10 ¹9 mol/L for Cu 2+ (S/N = 3).
The SA/SWNTs/G/GCE retained 95% of its initial response after 2 weeks of storage in dry conditions. Such stability is acceptable for most practical applications. The intra-reproducibility was measured with the relative standard deviation (RSD) of 1.2% (n = 5). While the inter-reproducibility for five different modified electrodes was found to be very well with a RSD of 1.8%.
The analytical performances of the proposed SA/SWNTs/G modified glassy carbon electrode were compared with other heavy metal ions sensing systems based on self-assembly of graphene, which are summarized in Table 1 . Compared with the literature reports on the determination of Pb 2+ , Cd 2+ , Cu 2+ , the SA/SWNTs/ G composite modified electrode showed excellent performance with a wider linear range and lower detection limit. Electrochemistry, 83(2), 84-90 (2015)
Conclusions
In summary, graphene/SWNTs composite with SA (SA/SWNT/ G) has been successfully prepared for modification of glassy carbon electrode. SA/SWNT/G-GCE displayed excellent performance in the detection of Pb 2+ , Cd 2+ , Cu 2+ ions. Structural characterizations using SEM, Raman and XPS suggested that the SA modified SWNTs could act as effective support structure between the graphene layers. The stripping current response of DPASV was improved 77% compared with the GCE blank electrode. It has been found that the composite structure of SA/SWNT/G played a positive role for both the electrochemical properties and the sensitivity of the electrode materials. The SA/SWNT/G-GCE showed excellent performance for detection of Pb 2+ , Cd 2+ , Cu 2+ ions with wider linear range and lower detection limit. The reproducibility measurement with the same electrode gave a RSD of 1.2% (n = 5), while the one for different electrodes was found to have a RSD of 1.8%. Figure 11 . DPV curves by SA/SWNTs/G composite modified electrode at different concentration of (a) Pb 2+ , (b) Cd 2+ and (c) Cu 2+ ions. Insert are linear fitting graphs of the DPV peak current by SA/SWNTs/G composite modified electrode at different concentration of Pb 2+ from 1 © 10 ¹9 to 1 © 10 ¹5 mol/L, Cd 2+ from 1 © 10 ¹7 to 8 © 10 ¹6 mol/L and Cu 2+ from 2 © 10 ¹7 to 2 © 10 ¹6 mol/L, respectively. DPV scan interval is from ¹1.20 V to 0 V in pH = 4.6 acetate buffer solution at a depositing potential of ¹1.2 V for 5 min, with a step increment of 5 mV, amplitude of 80 mV, and pulse period of 0.2 s.
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